Feed point impedance and mutual coupling of monopole array elements on a small ground plane are found to depend critically on the ground plane size when one length dimension comes near to half-wavelength. This is demonstrated to be due to the excitation of the lowest order chassis mode, which acts as an additional radiator element parasitically coupled to the array elements. A model is given in terms of impedance matrix description of the array including the effect of excited chassis mode. Important consequences of the chassis mode excitation and coupling are formulated for the characteristics of phased arrays and for diversity-and MIMO concepts.
Introduction
In a recent design of a four-element multi-beam array [1] , vertical quarter-wave monopole radiators were employed in an electrically narrow spacing (about λ/4), fed by a novel matrix feed network and mounted on a small ground plane (down to λ/2 x λ/2). In order to optimize the over-all array geometry, effects of chassis-modes on the array mutual coupling were investigated.
Up to today, the effects of limited size of array and ground plane in a phased array are accounted for in two ways: Design procedures consider impedance variation of elements close to the array edge resulting from a change in the mutual coupling environment (there are less elements in the neighborhood); however, the limited size of ground planes is only considered as a modification of element radiation patterns due to diffraction at the ground plane edges. However, for a single patch radiator [2] , already it was found that also the element impedance depends on the size of the ground plane. In our present case due to very small size of array and ground plane we have to account for very strong diffraction effects which we include as a new mode of interaction with chassis-modes, [3] , which have been found essential for the operation of antennas on small mobile phone platforms, e.g. [6] .
Experiments
Two sets of experiments have been performed with either a pair of monopole radiators placed on a rectangular ground plane or a quartet of radiators placed on a square ground plane. However, although feeding from the back, it was found difficult to avoid measurement degradations due to currents on the cables outer conductors, in particular in pattern measurements when the chosen measurement plane and polarization matched the characteristic of the spurious radiation from the cable. To circumvent this problem we will use field theoretical modelling duplicating the experiments in future.
Array scattering parameters
In a first experiment, two monopole radiators were fitted to a ground plane which was cut to reduce the ground plane length, Fig.1 . Experiments were performed at 3.6 GHz and 1.8 GHz with mechanical dimensions of the arrays scaled to the frequency; Fig. 2 gives a photograph of the experimental set-up at 1.8 GHz: We recognize the tinned steel ground plane with the SMA-connectors and the flexible cable connections fitted to the back side and the monopoles at the front side. Measurements were made of the scattering parameters of the two-port, i.e. the input reflection coefficients s 11 and s 22 giving the input impedance of the elements and the transmission coefficient s 12 pertaining to the mutual coupling impedance. After tuning the quarter-wave monopoles to resonant length when the ground plane was maximum length, measurements were taken after stepwise cutting the length, and results are shown in Fig.3 . As could be expected from a first-order approximation model of superposition by fields from diffraction edge currents, the elements impedance (here: the real part, i.e. the radiation resistance) and the mutual coupling are seen to vary slightly in a quasi-periodic manner. However, when we approach the half-wavelength situation the impedance drops sharply and the mutual coupling nearly cancels at about L = 0.6λ. Further reduction of the ground plane length lets the radiation resistance and the mutual coupling rise again. A strong variation of the element impedance when the ground plane length comes near a half wavelength has been observed earlier in context with the variation (and improvement) of the bandwidth of mobile phone integrated antennas; it is well understood as the effect of strong coupling with the lowest order chassis mode on the ground plane. And indeed, the potential bandwidth of our experimental monopoles showed a maximum at L ≈ λ/2 and a minimum at full wavelength. On the other hand, the cancelling of mutual coupling comes unforeseen, as coupling to the chassis mode is expected to increase the coupling rather than decrease -the particular choice of the monopole radiator elements seems to create a situation where the free space mutual coupling comes in opposite phase to the additional coupling created by the chassis mode; a network model for this will be presented in section 3. Whatever the reason for the reduction in mutual coupling, at first sight it promises to be a useful way to improve the properties of a phased array, since patterns should be improved when errors due to mutual coupling can be avoided.
Array radiation patterns
Radiation pattern effects were investigated using the twoelement array. Fig. 4 shows measured azimuth patterns with ground plane length of 1 λ and 0.6 λ. The patterns are taken with load, open-and short-circuit at the second element. Diffraction at the ground plane edges distorts the (nominally) omni-directional pattern of the active monopole. However, additional distortion is created by the radiation from the coupled element depending on the current in that element; this current can be varied by the termination impedance: The variation of patterns is only 0.5 dB for the small ground plane case which proves that very little current flows on the second monopole due to the very low mutual coupling; on the other hand, variation of patterns is up to 3.5 dB for the two-element array with larger ground plane which demonstrates higher currents on the second element due to the normal level of mutual coupling. Insight into the mechanism of coupling with the chassis mode is found by measuring patterns of a square four-element array on a square ground plane, Fig.5 . For the ideal element pattern (without mutual coupling and without edge diffraction) we would expect a sinusoidal pattern with a deep null in the vertical (z-axis) direction and a change of sign with the zero-crossing of amplitude: In the larger ground plane case, Fig.6(a) , we can recognize this type of pattern although the two lobes are unequal in amplitude, the null is shifted and the phase change around the zero direction is only 140 degrees; we can understand the observed degradations as the result of a superposition of fields from the diffraction edge currents which are unsymmetric with respect to the position of the active element; alternatively, we could understand the behaviour as a result of week coupling to the fundamental chassis mode along the xaxis whose resonance length should be close to 0.5λ while the 1λ-chassis mode, due to symmetry, is not coupled at all, e.g. [7] . On the other hand, the pattern due to the smaller ground plane, Fig.6(b) , bears very little resemblance to the ideal element pattern: The zero is filled-up, the two lobes appear un-symmetrically distorted and the phase centre has moved out from the active element position to close to the centre point of the ground plane (centre of rotation was shifted correspondingly for the measurement). We can understand this behaviour as a result of the superposition of the radiation from the active monopole, diffraction around the ground plane edge (mainly the close edge) and from a strong fundamental chassis mode which is oriented along the x-axis of the ground plane and whose radiation pattern is related to that of a half-wavelength dipole.
Modelling
The mechanism of coupling of radiator element and chassis mode can be modelled as a conventional mutual coupling process if we assume the chassis mode can be represented by another two-terminal antenna element which is parasitically coupled to the radiator elements. For the case of the twoelement monopole array, Fig. 7 shows how the ground plane can be redrawn to represent a fictitious half-wavelength dipole with short-circuited terminals. and be inserted into the other equations to yield a two-element description which contains the third element parasitic coupling in its matrix elements: We now realize the excitation of the chassis mode as the current I 3 which is proportional to the excitation of the two monopole elements and the ratio of the coupling impedance Z b and the chassis mode dipole self impedance Z Ch . Assuming the coupling impedance to increase close to the ground plane resonance (analogous to the variation of coupling impedance with dipole antenna length), it becomes clear that the excitation of chassis mode current will become maximum at chassis mode resonance where Z Ch is a minimum. It is also evident from (2) that an efficient excitation of the chassis mode current can be accomplished by exciting monopoles 1 and 2 in anti-phase (odd mode), which is consistent with the proposal of a MIMO antenna system in [5] . with opposite sign. We can check this formulation since we can use the well-known impedance and mutual impedance formulas for coupled dipoles (impedances divided by two for application to monopoles), and can verify from (3) that in the case of compensation of monopole-to-monopole coupling the self impedance real part should dip considerably. The self impedance formulation in (3) also allows a better understanding of the process that leads to the variation in bandwidth observed for single integrated antennas on mobile phone platforms and a discussion and justification of equivalent circuit descriptions proposed, e.g. [6] : The radiator impedance is found to be the series connection of the "original" element impedance Z s and a transformed impedance of the chassis mode parasitic dipole; note that since a centre-fed dipole self impedance is modelled as a series resonant circuit, with the term impedance may represent a parallel resonant circuit (this transformation even can be modelled as a λ/4-transformation of Z Ch when the characteristic impedance is set to be Z b ) if the coupling impedance is non-resonant. Thus, it can be expected from the series connection that the contribution of the parasitically coupled chassis mode dipole can dominate at the chassis mode resonance and can lead to broad-banding of the radiator impedance. The experimental findings and the model proposed here show a very significant relationship to the theory of multi-port antennas with reactively loaded parasitic elements, [7] and [8] , where the function of the parasitic elements is to impact on the radiation patterns and to suppress the cross-talk between the active ports. To bring the present results into close coordination with that theory we only have to assume the chassis to be a parasitic element in the array. The presented network model can be extended to the case of more radiator elements in a straight forward manner; it may also include the excitation of higher-order chassis modes and modes of orthogonal orientation (excited by other elements in an array) by also modelling these modes by fictitious parasitic dipole radiators with their terminals short-circuited. However, it remains to determine the required self-and coupling impedances for such cases; it is also evident that these impedances will critically depend on the type of radiator element chosen and its position on the ground plane as well as on the chassis modes characteristics, see e.g. [9] . Such investigations would best be performed on a field theoretical basis rather that experimentally due to the wide variety of situations to cope.
